Introduction
This report is a continuation of the review from last year and surveys literature on multiple resonance methods published in the period June 2005 to May 2006. The current review period featured a remarkable number of contributions that accelerate the recording of multidimensional data. New acquisition schemes emerged that exploit the benefits of faster magnetization recovery and allow faster pulsing thus increasing sensitivity per unit time. Further improvements were described using limited sampling and processing methods which can lead to time-savings of one order of magnitude compared to conventional sampling schemes. These novel acquisition and processing techniques can be combined to bring even larger savings in time. Accordingly a wealth of new or modified triple-resonance assignment experiments has emerged. Further, an amino acid selective position-specific protonation approach has been introduced for efficient and improved structure determination. Protonless methods have been improved for the study of paramagnetic proteins. Additional developments were reported in the areas of side chain and backbone relaxation measurements in particular with applications to off-resonance spinlock and/or relaxation dispersion experiments to measure exchange contributions or in the use of MQ relaxation to monitor correlated protein motions. Continuing improvements were reported for scalar coupling and RDC measurements.
General methods and theoretical developments RF pulse and pulse sequence analysis
Pulse optimization and maximization of coherence transfer are some of the more recent applications of numerical computer simulations. NMR experiments commonly employ composite and shaped pulses of varying flip angles. Universal rotation (UR) pulses that achieve an effective rotation for any arbitrary initial magnetization vector position are e.g. used for refocusing and mixing. The design of UR pulses is typically considerably more difficult than the development of point-topoint rotation pulses (PP) that achieve a transformation from a given initial position to a defined final direction. A simple recipe was presented by Luy et al. 1 that allows the construction of any UR pulse from a PP pulse of half the flip angle through combination of a time-and phase-reversed PP pulse followed by the PP pulse itself. Following this e.g. a refocusing pulse can be constructed from a given excitation pulse by applying the phase-reversed excitation pulse followed by the time-reversed excitation pulse. A wide range of available PP pulses can thus be accessed to construct broadband and selective UR pulses. By taking advantage of recently developed excitation pulses this allows the design of short refocusing pulses.
In an attempt to find possible links between pulse sequences and to understand how certain experiments might be related to each other Sorensen 2 explored the derivative response of two pulse sequences. Pulse sequence derivative linking might be a promising tool for the development of new experiments in the future.
Solvent suppression
Suppression of the water signal is a standard requirement for the study of biological samples and a multitude of methods that achieve this are known. A presaturation method utilizing relaxation gradients and echoes (PURGE) was described by Simpson and Brown 3 as a method to achieve high levels of water suppression without the introduction of baseline and phase distortions. The occurence of radiation damping on probes with a high quality factor and at high magnetic fields makes selective irradiation based methods of water suppression increasingly difficult. Wu and Otting 4 improved the established WET solvent suppression scheme for high Q applications by using bipolar pulsed-field gradient interleaved DANTE pulses (SWET) instead of the original water-selective pulses. They showed that under conditions where water suppression was primarily due to the inhomogeneity of the B 1 field the shorter and lower field strength saturation with the modified SWET method compared advantageous to selective presaturation techniques.
Pulse calibration
A single scan 1 H pulse length calibration method based on nutation spectroscopy was introduced by Wu and Otting. 5 The method works equally well on aqueous and organic samples and is easily amenable for automation. As reduced power levels are normally used to avoid sample heating or limitations due to hardware, the amplifier power response has to be linear in order to allow the calculation of hard 901 pulses.
Hardware
The effect of dielectric properties of solvents on the quality factor for cryogenic probes beyond 900 MHz was studied by Horiuchi et al. 6 on a 930 MHz cryoprobe model, complementing earlier studies on the effects of ionic conductivity. They found that at 930 MHz in salt-free aqueous solutions the maximal achievable sensitivity was less than 34% due to sample resistance effects related to the dielectric conductivity of water.
The conventions with regard to pulse phases vary with spectrometer manufacturer and disagree from the nutation axis phases of spin-dynamics commonly used in NMR theory. This is particularly problematic for spin-state selective experiments where correct multiplet selection relies on an intricate interplay of pulse phases and for a given spectrometer frequently has to be done by trial and error setting of pulse and receiver phases. Roehrl et al. 7 suggested a simple experiment to manifest these phase differences on a spectrometer and presented a table to unravel interdependencies between theoretical values and phase settings in commercially available spectrometers.
predominantly applied to small and medium sized proteins where sensitivity is not limiting and spectral dispersion is quite good but they are now also increasingly used on larger proteins. Traditionally data between interacting spins is encoded through sampling of several time-domains, requiring independent successive time incrementation. Being determined by the sampling, the experiment time becomes excessively long making it impossible to record e.g. 4D experiments at high resolution. Here reduced dimensionality experiments are able to provide high digital resolution within a shorter amount of measurement time by sampling the frequencies of several nuclei together along a single dimension. Depending on the processing method employed and ignoring smaller experimental differences such spectra are then either used to generate shift lists (GFT, APSY, HIFI) or to completely reconstruct a higher dimensionality spectrum from different plane projections (PR). In addition, nonuniform sampling of timespace has been used together with non-linear processing methods to improve digital resolution. This allows to increase the signal-to-noise ratio by spending more time on signal averaging. Very limited time-domain sampling can be processed with the filter-diagonalization method. Time reduction is brought to an extreme in an alternative approach which achieves monitoring of spin interactions through spatial encoding. With the help of pulsed field gradients this is achieved in a single scan.
Filter-diagonalization-method
The FDM method allows to reconstruct high-resolution nD spectra from data that was sparsely sampled in the indirect dimensions, incuring dramatic savings in experiment time. In comparison to traditional processing methods such as FT and LP where the resolution of a particular dimension is limited by the number of points, in FDM the resolution power is determined by the product of data points in all dimensions. So far calculations are very demanding in computer time but Armstrong and Bendiak 10 introduce the single basis FDM which leads to a reduction of processing time by several orders of magnitude. Single basis FDM can be used for parameter optimization for the final FDM iteration or e.g. 'on-the-fly' inspection of spectra while data acquisition is still in progress.
Ultrafast NMR
Usage of spatial encoding in order to observe indirect spin-evolution instead of the traditional time-domain incrementation is the basis for single-scan ultrafast 2D NMR acquisition methods. Two strategies have previously been presented to achieve this spatial encoding: discrete excitation yielding phase-modulation and continuous spatial encoding that results in amplitude-modulated signal. Tal et al.
11
presented a hybrid of both methods where on hardware much less demanding continuous spatial encoding was applied to obtain a phase-modulated signal, allowing the recording of 2D homonuclear experiments such as COSY and SE-TOCSY. A double-frequency sweep modification described by Shapira et al.
12
was applied to the amplitude-modulated ultrafast methods and results in improved lineshape and increased sensitivity. Spatial encoding is achieved in a symmetrical way sweeping from both ends of the sample towards the center and for a required resolution achieves a two-fold saving in time. Sensitivity permitting, ultrafast TOCSY and 15 N HSQC methods were used by Gal et al. 13 to study H/D exchange and to track the formation of a transient complex, following rapid mixing. Individual spectra were recorded in 2-4 seconds.
Non-uniform sampling and maximum entropy
Non-uniform sampling schemes allow to concentrate time-domain data recording in regions where the signal is more intense e.g for decaying data to use a exponentially weighted sampling distribution which is biased towards the beginning of the time domain. When combined with appropriate processing methods this has the advantage that less sampled data points achieve a required resolution. In other words, for a given digital resolution this results in higher sensitivity per unit time, allowing faster data recording or to collect more scans per increment for improved experimental sensitivity. Approaches for 3D and 4D based backbone, and NOE assignment that make use of non-uniform sampling (NUS) in combination with maximum entropy processing were described in several contributions. [14] [15] [16] [17] [18] Data sampling relied on an incomplete linear scheme and a more detailed description of these NMR experiments can be found in chapter 8.3.
Non-linear FT
A fast Fourier transform method to record sparse, non-linearly sampled data was presented by Marion 19 using a parabolic sampling scheme where the spacing between the digitized sampling points varies continuously. Lagrange interpolation is used to restore a regularly sampled FID. As the amount of interpolation can be chosen freely and is not related to the number of sampled points this allows for a free adjustment of the spectral-width through processing. Compared to other non-linear processing methods no user defined parameter optimizations are required. A twodimensional transform for pairs of frequencies instead of the sequential 1D transformations was presented by Kazimierczuk et al. 20 based on a 2D Quaternion FT algorithm. The method is unlike the inverse Radon transform or reduced dimensionality approaches not limited to a radial sampling scheme and it can equally be extended to higher dimensionality. The method maintains the advantage that a full nD spectrum can be visualized. The authors showed that spiral sampling leads to a significant reduction of spectral artifacts.
Multiway decomposition
Three-way decomposition has been used recently as a versatile analysis tool for several kinds of NMR data. Luan et al. 21 tested the influence of signal-to-noise and peak overlap on the analysis of NOESY and relaxation data using three-way decomposition (TWD) and concluded that the method is robust and conservative, not leading to any false positives. Malmodin and Billeter 22 showed that multiway decomposition is suited for spectra with coupled evolution periods by application to a (5,2)D HACACONNH-GFT experiment. Emerging peak lists can be used for automatic assignment. The use of sparse-sampling in combination with multiway decomposition was tested by Luan et al. 23 on 4D HCCH NOESY data that was recorded on a protonated protein. Their study revealed that very similar resolution and amplitudes as in the reference spectrum could be obtained with only 30% of the full dataset. Despite the large dynamic range of the signals the linewidths were accurately reproduced and no false peaks were introduced. The loss of some peaks was in agreement with the increased noise level due to the shortened measurement time.
GFT
An entirely GFT based approach was used by Shen et al. 24 to solve the structure of a 14 kDa protein. The protocol relied on the use of 5 through-bond 4D and 5D GFT experiments together with a NOESY that used a combination of simultaneous and GFT acquisition techniques. The (4,3)D GFT NOESY resulted in two subspectra which revealed 15 experiments and 39 h for the two NOESY sets (30 h for the (4,3)D and 9 h for the central peak 3D) on a 600 MHz spectrometer equiped with a cryoprobe. The impact of GFT sampling on quality and abundance of NOE data and initial structure was further assessed. Malmodin and Billeter 25 described a general approach, EVOCOUP, for the calculation of chemical shifts from spectra with coupled evolution periods. The approach is based on systematic searches and does not rely on e.g. the occurence of doublet symmetry relation patterns. Tests on a 128 residue protein gave no false positives and missed only three cases which could be resolved through recording of additional projections.
Projection reconstruction, tilted plane reduced dimensionality Venters et al. 26 showed the applicability of projection-reconstruction methodology to larger proteins using a (4,2)D approach for the backbone assignment of HCA II (29 kDa) and Calbindin (30 kDa). A combination of 4D backbone triple-resonance experiments (TROSY versions of HNCACB, HN(CO)CACB, intra-HNCACB, HNCACO, HNCOCA, HNCO iÀ1 CA i and HACANH, HACA(CO)NH) optimized for projection reconstruction and a hybrid backprojection/lower-value algorithm for the reconstruction of the data was applied. The 4D reconstruction was obtained from 8 data sets for each of the (4,2)D experiments: 3 orthogonal planes and 5 planes at tilt angles with 64 increments per projection. This translated into much higher digital resolution than obtainable through real 4D sampling and a ca. 10-fold saving in time. The total recording time for the 8 (4,2)D experiments was 12.8 days (800 MHz, cold probe). An average spectrum maintained 60% of the S/N ratio of the full 4D recorded over the same time. The lower-value algorithm is suited for data with few dispersed signals and high signal-to-noise as the cross-peak height is determined by the intensity in the weakest projection plane and therefore leads to the loss of less intense signals. A new hybrid backprojection/lower-value (HBLV) algorithm was suggested which showed to increase sensitivity without the introduction of major artifacts. Signal accumulation is achieved by first applying a backprojection of a determined number of planes in all possible combinations followed by the lower-value approach. This leads to signal accummulation according to the number of planes used for the backprojection and further leads to flat baselines by removing the ridge artifacts characteristic of the backprojection method making this particularly useful for less sensitive data. The number of planes used for the backprojection need to be balanced according to levels of artifact suppression, signal intensity and line broadening (which increases with higher number of projection planes used).
A modified filtered backprojection reconstruction algorithm was introduced by Coggins et al. 27 for the reconstruction of 4D NOESY data. The method originally developed for radioastronomy requires a large number of projections. All projections contribute towards the final signal intensity and the algorithm performs well in the presence of large numbers of peaks that have a sizeable dynamic range. The complete 4D CH 3 -NH NOESY spectrum of HCA II (29 kDa) was reconstructed from 100 (4,2)D projection experiments providing a dataset with much higher resolution than obtainable through conventional sampling. The measurement time has to be long enough to observe weaker NOEs (88 h for 100 planes).
Reardon and Spicer 28 reported the backbone assignment of GB1 in its bacterial cell environment using rapid 3D projection reconstruction methods. HNCA projection planes were recorded within 2 h, compatible with the limited lifetime of the cells.
Coggins and Zhou 29 introduced PR-CALC, a program for the reconstruction of spectra from lower dimensionality projection data. PR-CALC allows the use of several currently described reconstruction alogrithms such as lower-value, backprojection, hybrid backprojection/lower-value and filtered backprojection algorithms and can reconstruct full spectra or just a subset of the entire spectrum of any dimensionality from projections. Projections with different dimensionalities and number of points can be used together.
Several schemes for projection reconstruction e.g. deterministic backprojection and the lower-value algorithm and statistical search methods such as least-squares fitting, maximum entropy, Bayesian analysis based model-fitting with the reversiblejump Markov chain Monte Carlo procedure were studied by Yoon et al. 30 and compared in terms of reliability, artifacts and signal-to-noise. Of the newly proposed statistical methods, the reversible-jump Markov chain Monte Carlo algorithm seems very promising.
An approach to generate peak lists from 2D reduced dimensionality spectra was presented by Eghbalnia et al. 31 as general strategy for the rapid collection of multidimensional data. The so called HIFI-NMR (for high-resolution iterative frequency identification) approach relies on the recording of tilted reduced dimensionality data which is used to determine the chemical shift frequencies rather than to reconstruct a full spectrum. While frequency knowledge can be sufficient for assignment purposes this obviously avoids all the problems related to spectrum reconstruction but also lacks the visual benefits of PR. In HIFI the advantages of high digital resolution 2D spectra are combined with the power of tilted-plane projection spectra to separate overlapped peaks (provided shift differences occur in at least one orthogonal dimension). To minimize total experiment time a routine is used which predicts the tilt angle of the next plane to be recorded so that additional signal identification is at a maximum. The HIFI approach was demonstrated for (3,2)D triple-resonance experiments on several proteins up to 20 kDa in size and was able to create nearly complete shift lists when compared to an independently handpicked full 3D dataset. Time savings on the order of 10-fold were achieved with the number of tilted planes and angles strongly depending on the experiment type.
A similar automated peak list based approach called automated projection spectroscopy (APSY) was described by Hiller et al. 32 Using (4,2)D HNCOCA or (5,2)D HACACONH projection data this resulted in the fully automatic generation of close to complete peak lists for a 63 and a 116 residue protein. Resonance frequencies were obtained from 2D projections via an algorithm which based on geometrical considerations recognizes peaks originating from the same resonance without any need for manual intervention. Fiorito et al. 33 used a reduced dimensionality (6,2)D HNCOCANH sequential experiment as input data set for the successful automated peak list generation through APSY.
All assignment approaches that rely on direct correlations between nuclei are clearly limited by the number of coherence transfer steps, relaxation and the dimensionality of the experiments. Kupce and Freeman 34 showed in an alternative approach how connectivities that are experimentally not directly observed can be reconstructed from directly observed ones obtained through a combination of different experiments. Following this they reconstructed a hypothetical 10D experiment from 3D projection-reconstruction data, correlating all backbone atoms of two sequential amino acids without the requirement to ever record the high-dimensionality data.
Spin relaxation methods

Auto-relaxation
Measuring off-resonance 1 H relaxation rates at an angle of y = 35.51 results in the mutual cancellation of the transverse and longitudinal cross-relaxation rates so that the observed magnetization decays with a effective rate similar to a selective proton R 1 . Such a rate shows a monotonous increase with growing rotational correlation time and therefore allows to recognize higher MW species or the onset of oligomerization. Exploiting this a off-resonance 1 35 to allow the characterization of the residues in a peptide involved in oligomer formation through noncovalent self-recognition.
Several new 2 H relaxation experiments for the dynamics study of methyl-containing residues in large proteins (B100 kDa) were introduced by Tugarinov et al. 36 and tested on Ile-d1 positions of the 723 residue malate synthase G. The HSQC based pulse sequences measure rates in 13 CH 2 D and 13 CHD 2 isotopomers and are optimized for sensitivity and resolution, imperative when studying such large systems. Most investigations use the 13 CH 2 D isotopomer since the presence of a single deuteron makes analysis and the design of experiments for the measurement of a given relaxation term easier than for 13 CHD 2 . But for very large proteins the INEPT based experiments on the 13 CHD 2 isotopomer have superior sensitivity and so make the measurement of transverse relaxation in this isotopomer attractive. Order parameters for methyl groups obtained for both isotopomers were shown to be in good agreement.
Dynamics studies rely on the high-quality measurement of several relaxation rates, most of which are obtained from a relaxation series where a time parameter i.e. the relaxation delay is varied. For a given temperature this results in changes in the duty cycle leading to differential heating within a given relaxation series. This is particularly dramatic in experiments which use short interpulse delays such as CPMG or spin-lock measurements. A duty cycle compensation module using prescan saturation was described by Yip and Zuiderweg 37 improving temperature control and stability during a measurement series. The scheme is applicable to all types of relaxation experiments and increases the accuracy of measured relaxation parameters.
While pulse sequence associated experiment-specific errors have been continuously reduced, system-specific errors in relaxation measurements have obtained much less attention. Pawley et al. 38 provided an analysis and suggested a series of control experiments that are recorded together with the relaxation measurements to detect and quantify such errors, to identify their source and if possible to correct for systematic changes in order to obtain more accurate relaxation parameters. Their analysis showed that relaxation dispersion measurements at lower fields where smaller exchange contributions lead to a shallow dispersion curve can be particularly prone to systematic errors and that extracted rates might depend strongly on the way the data was recorded.
Cross-correlated relaxation experiments
Methyl group relaxation is a popular tool to probe dynamics which is typically studied via the measurent of 2 H rates in 13 CH 2 D isotopomers. A specifically labelled sample has to be prepared often for the sole purpose of these dynamics studies. Zhang et al. 39 introduced a new method that allows the study of methyl dynamics on protonated methyl groups without any requirement for deuteration, based on the measurement of dipole-dipole cross-correlated relaxation in combination with the methyl 13 C longitudinal relaxation rate. The cross-correlation rate is obtained from a sensitive 2D CT HSQC-based experiment with a variable 1 J(C,H) evolution period. Determination of the overall rotational correlation time is important for dynamics studies but also simply to obtain information about the quality of a sample and to optimize parameters in NMR experiments. A modified 1D TROSY sequence that measures the decay of the TROSY and anti-TROSY lines was presented by Lee et al. 40 to estimate t c of the 1 H-15 N vectors from the ratio of the two decaying coherences via the cross-correlation rate. Effects from dipole-dipole relaxation from neighbouring protons and contributions from exchange broadening are eliminated, increasing the robustness of this method.
Conformational exchange on a timescale slower than t c manifests itself in a way similar to cross-correlated relaxation in zero and double-quantum coherences leading to differences in measured ZQ/DQ relaxation rates. Lundstro¨m et al. 41 used differential relaxation effects in 13 Ca(i-1)/ 13 Ca(i) multiple quantum spin-pairs to probe the existence of correlated motions in a mutant of the C-terminal domain of calmodulin. By using highly deuterated protein the correlated modulation of chemical shifts dominates the differential MQ relaxation rate so that a measurement of e.g. 2I x S x vs. 2I y S y allows to determine the cross-correlation rate constant. Similarly, Del Rio et al. 42 introduced a experiment to measure chemical shift modulated cross-correlation in multiple quantum coherence between a 13 C methyl nucleus and the preceding neighbouring 13 C position. Contributions to the crosscorrelation rate that come from ps-ns processes had to be estimated to obtain the interference contribution due to conformational exchange.
Relaxation dispersion. Measurement of chemical exchange contributions
The study of slow internal motions and conformational changes on ms to ms time scales are particularly important from a biological point of view and have further attained large attention including also reports about correlated dynamics in proteins and applications to exchange processes involving multiple sites. Analytical expressions for the rotating-frame relaxation rate constant R 1 r were obtained by Miloushev and Palmer 43 for two-site chemical exchange. The obtained formula is simpler than existing equations and in many cases more accurate and will help the analysis of R 1 r relaxation dispersion experiments for systems in slow-to-intermediate exchange.
Two off-resonance rotating-frame amide proton R 1 r experiments were introduced by Lundstro¨m and Akke 44 and Eichmu¨ller and Skrynnikov, 45 respectively, which allow the characterization of exchange parameters for processes that are considerably faster than what can be probed with 13 C or 15 N relaxation. In the earlier case the pulse sequence consisted of a 15 N HSQC followed by a 1 H off-resonance spinlock element. Deuterated protein was used in both studies to suppress crossrelaxation and cross-correlation effects and to improve the overall sensitivity and relative extent of the chemical exchange contribution. Alternatively in the first study a selective 1801 pulse centered in the middle of the spin-lock period was introduced to suppress off-diagonal relaxation pathways when using protonated samples. In the latter study to this effect the decay of two-spin order was monitored and the tilt angle was maintained at y = 351 for cancellation of longitudinal and transverse crossrelaxation contributions.
A modified SQ/MQ spin-echo pulse element (CEESY) was described by Van Ingen et al. 46 which allows from a 2D spectrum to determine the sign of the frequency difference between exchanging states in the fast-to-intermediate regime.
The method exploits the differences in exchange induced shifts of MQ and SQ coherence resulting in a small net evolution of the coherence during the spin-echo element and was demonstrated for 1 H and 15 N nuclei. The analysis of exchange parameters from CPMG relaxation dispersion data typically assumes that the exchange-free relaxation rates of the different sites are identical. Ishima and Torchia 47 analyzed for a two-site exchange process the magnitude of errors introduced by this assumption and found that the general assumption of R 0a 2 = R 0b 2 leads to errors in the relative population p a and exchange lifetime t ex , while the difference in chemical shift of the two sites Do is not affected. The interdependence of the fitting parameters p a , k ex and Do in equations describing conformational exchange detected in CPMG relaxation dispersion experiments was studied by Kovrigin et al. 48 which found, that frequently multiple equivalent solutions can equally satisfy the experimental data. The strong interdependence of the fitting parameters can be readily overcome by repeating the measurements at different static magnetic fields, allowing the accurate assessment of the exchange behaviour.
A biosynthetic protein expression method based on using [1-13C]-glucose in E.coli leads to the incorporation of isolated 13 C-1 H two-spin pairs into the d-position of Phe/Tyr, the d2/e1-position in His and the d1/e2/e3-position in Trp as described by Teilum et 
The measurement of off-resonance 13 C relaxation in methyl groups of universally 13 C labelled, partially random deuterated protein was introduced by Brath et al. 50 to characterize fast ms exchange dynamics in the 13 CHD 2 isotopomer. The intrinsically slow exchange-free relaxation rate assures the method to be highly sensitive even towards small exchange contributions. The removal of cross-correlation effects allows the simple analysis of the data while homonuclear Hartmann-Hahn effects are shown to be negligible for the majority of the residues except the Leu-d methyl groups.
With the majority of exchange studies relying on a simpler two-state model, extraction of kinetic parameters describing multi-site exchanges remains much more challenging, particularly if the kinetics of each exchange process are not too dissimilar. Three-site exchange folding can be studied by recording six CPMG-based relaxation dispersion experiments which measure exchange contributions to backbone 15 N and 1 H SQ, ZQ, DQ and MQ coherences. Korzhnev et al. 51 showed that through the combined use of such six measurements all parameters describing the multi-site exchange process could be extracted at a single temperature, with one of the intermediate states being populated even below 1%. Assumptions about temperature dependence of rates and shift changes typically required in studies using only SQ data become unnecessary. The combined use of ZQ and DQ dispersion profiles allowed the calculation of the relative signs of Do H and Do N , which together with information on the sign of Do N obtained from a generalized two-state exchange allowed to reconstruct the 1 H, 15 N correlation spectra for both minor, invisible states. The same authors 52 further assessed the availability of different relaxation rates on the extraction of parameters describing the multi-site exchange process and concluded that the availability of SQ data or even temperature dependent SQ data was insufficient and led to larger errors, justifying the measurement of additional ZQ, DQ and MQ rates.
Diffusion experiments
A method to measure slow diffusion was proposed by Cavadini et al. 53 which exploits the increased lifetimes of singlet spin states when comparing to longitudinal relaxation times. The method is particularly interesting to measure diffusion coefficients of very large molecular assemblies as singlet spin state lifetimes are easily an order of magnitude longer than typical longitudinal relaxation times. The required singlet states can be generated from a scalar-coupled 2-spin system.
Momot and Kuchel 54 introduced a convection-compensated gradient-selected homonuclear double-quantum filtered experiment for measuring diffusion coefficients of small-or medium-sized molecules in non-deuterated solvents or in crowded spectra. The pulse sequence consists of two 1/2J periods that surround the longitudinal diffusion period and based on the DQ-filter provides excellent water suppression.
Extraction of diffusion coefficients from overlapped spectra for species with similar exponential decays is difficult to achieve. Here heteronuclear methods can provide additional resolution but this leads to a significant increase in measurement time. A hadamard-encoded 1 H heteronuclear diffusion measurement method was introduced by Steinbeck and Chmelka 55 leading to time-savings of one order of magnitude when compared to the corresponding HSQC-based correlation experiments.
Non-uniformity in pulse field gradient profiles and RF fields across the sample lead to errors in the determination of diffusion coefficients. To reduce such errors and to measure diffusion coefficients in a quantitative way Zhang 56 used a offsetindependent adiabatic inversion pulse to achieve volume selection for a central region of the sample where the RF field is uniform and the PFG strength changes in a linear way. The author used a standard diffusion sequence following the volume selection pulse/gradient element by a stimulated echo with a longitudinal diffusion period.
Overlap in 2D-DOSY spectroscopy requires frequently the introduction of a second frequency dimension leading to 3D-DOSY spectra. Nilsson and Morris 57 addressed the problem of convection in 3D diffusion-ordered spectroscopy. Convection compensated versions of COSY-IDOSY and 2DJ-IDOSY were presented and compared with non-compensated versions. Compensation is efficient and can be implemented at a minimal loss in sensitivity.
Coupling constant measurement 6.1 Scalar couplings
Nolis and Parella 58 presented two modified 2D HSQC-TOCSY pulse schemes that lead to selective spin-state cross peak pattern correlation spectra without the requirement to extend the length of the original H/X correlation sequence. The n J(X,H) and J(H,H) coupling constants can be extracted from E.COSY type patterns in fully coupled H/X correlation spectra or in the case of substantial overlap from spin-state edited sub-spectra by using an additional double-TROSY transfer, in both cases taking advantage of the excellent chemical shift dispersion of the X nucleus. The experiments are limited to IS spin-systems and are of interest for molecules with a substantial number of NH and CH at natural abundance e.g. carbohydrates and peptides. Starting from HN or Ha in a peptide allows the measurement of J(Ha,Hb). The essential features of the pulse sequence consist of a modified planar mixing or corresponding TROSY/anti-TROSY backtransfer after X nucleus shift labelling allowing for spin-state selection, followed by a isotropic mixing transfer onto nuclei coupled via
J(H,H).
A double-J-modulated DJM-INEPT-INADEQUATE experiment was introduced by Pham et al. 59 which provides simultaneously one-bond and long-range C,C connectivities along with information about the size of J(C,C) couplings. In comparison to the original INEPT-INADEQUATE the sensitivity is lower due to the two-fold signal reduction in each of the J-modulated time periods but this is partly compensated since there is no loss from 1 J or n J mis-match due to the absence of fixed carbon-coupling evolution intervals. A further benefit is that one-bond and longrange couplings are obtainable from only one spectrum. The coupling constant values were obtained through deconvolution of the time domain signals and the experiment seems particularly suited for carbohydrates.
The angular dependence of 3 J(N,Cg) for Asp and Asn residues as a function of the w1 N-Ca-Cb-Cg angle was investigated by Juranic et al. 60 Experimental 3 J(N,Cg) values for the Karplus expression were obtained from Asp residues where the orientation was fixed either through hydrogen bonding or coordination to a calcium atom.
A slightly modified version of a previously described quantitative J(N,N) constant-time spin-echo (CTSE) difference experiment was used by Dingley et al. 61 to measure h2 J(N7,N2) trans-H-bond scalar coupling constants for different cationbound forms of a Oxy-1.5 DNA guanine quadruplex. Due to the reduced length of the transfer periods the suggested experiment is more sensitive than a previously J(C,H) in methine and methylene groups depending on whether proton or carbon magnetization is monitored. The effect of cross-correlation can be understood as a mechanism of magnetization transfer between operators that interferes with the trigonometric dependency of the coupling evolution. The size of the error depends on the crosscorrelation rate therefore increasing with the correlation time and varies with the J values of interacting spins and the time during which J-evolution and crosscorrelation effects occur. For methylene groups the error can be several Hz. Observed errors were in agreement with the theoretical description of the crosscorrelation effects. As the errors vary with anisotropy, RDC measurements are equally affected and this is particularly noticeable for RDC measurements in methylene groups. The use of selective pulses is suggested to refocus such crosscorrelation pathways.
Residual dipolar couplings
Variable-angle sample spinning (VASS) methods were used by Lancelot et al. 63 on a sample of ubiquitin in a 32% w/v bicelle system to measure 15 N spectra was similar to high resolution conditions indicating that the presence of bicelles had little effect on the correlation time of the protein, while under VASS conditions the change in ordering of the bicelle system seemed to slightly increase the correlation time of the protein. As long as the correlation time is not affected by the presence of high concentrations of bicelle the residual dipolar interactions will be the main source of spectral broadening allowing therefore also the study of other proteins. More anisotropic proteins could be studied at lower bicelle concentrations.
In order to be used as structural restraints RDCs need to be measured in multiple alignment media to overcome their orientational ambiguity. Unfortunately this is often hampered by incompatibilities of a protein with certain alignment media or the difficulty to predict that a new medium will provide novel information. Ruan and Tolman 64 have investigated into the possibility to obtain multiple alignments from one type of alignment medium. To this purpose they changed the morphological characteristics of a composite medium consisting of stretched polyacrylamide gel with ordered bacteriophage Pf1 particles embedded in the gel. Different orientations of the Pf1 particles relative to the long axis of the gel in the NMR tube could be obtained by allowing gel polymerization to occur at variable angles in a magnetic field. Data recorded on ubiquitin showed that the gels prepared at different angles allowed to collect independent sets of RDCs.
An alternative strategy to accelerate the measurement of multiple dipolar coupling constants was suggested by Vijayan and Zweckstetter. 65 Previously this was achieved by a multitude of experiments which allowed simultaneous evolution of multiple couplings. Possible setbacks of such strategies are the increase in overlap and a reduced sensitivity due to multiple splittings. In contrast the new approach only measures one coupling per experiment but uses a common reference experiment for all measured couplings reducing the experiment time without any increase in overlap. Two modified experiments allow the measurement of 66 The 2D (HNCO)-(J-CA)NH and 3D (HN)CO-(J-CA)NH use Ca for evolution of 1 J(Ca,Ha) while in the 2D (J-HACA-CO)NH and 3D J-HA(CACO)NH coupling evolution occurs with Ha in the transverse. The 2D experiments use evolution of 1 J(Ca,Ha) during the 15 N chemical shift labelling period leading to a doublet pattern. The two multiplet components can be separated through an IPAP approach while in the 3D experiments the resolution may be enough not to require any further multiplet editing. Increased resolution in the Ca evolution experiment was achieved through the use of selective Ca pulses allowing to extend the maximal evolution time.
Tang et al. 67 used an isotope labelling scheme where in a 15 N, 13 C labelled and otherwise at non-exchangeable positions fully deuterated protein, all the methyl groups and methine positions of Val and Leu were protonated to allow the determination of the conformation of these residues. A combination of HN-Hg and Hg(i)-HN(i + 1) NOEs combined with RDCs for Val Cb-Hb and Leu Cg-Hg allowed to orient the side chain. Methine 1 J couplings were determined from a series of intensity J-modulated 3D CT-HCCH-COSY experiments where the 1 J(Cb,Hb)/ 1 J(Cg,Hg) refocusing period was varied. The experiment was modified to optimize coherence transfer from the Cb/Cg positions to the methyl groups allowing to increase the methyl refocusing period to be set to 1/2J(C,C). Additional dipolar relaxation contributions to methyl groups originating from the protonated methine positions were found to be small making this approach sensitive enough to be used on larger proteins.
A novel interpretation of RDCs was presented by Bernado´et al. 68 that simultaneously analyses local conformational sampling and longrange structural order and can lead to improved understanding of the conformational behaviour of an unfolded protein in solution. It was used to describe structure and dynamics of a-Synuclein. To this purpose a statistical ensemble of coil conformations was generated to allow the calculation of averaged RDCs which were then compared with the experimental data. The measured data could be reproduced provided longrange contacts between regions that were distant in the primary sequence and local fluctuations in the F/C space were included in the description of the behaviour of a-Synuclein in solution.
A program for the analysis of RDCs was introduced by Wei and Werner. 69 Program functionalities include amongst others estimation of the alignment tensor from a RDC occurrence histogram and order tensor analysis by singular value decomposition (SVD) doable on an entire family of structures.
7. Homonuclear spectroscopy 13 
C detection and protonless experiments
Dramatic improvements in probehead technology permit to obtain 13 C observed experiments with acceptable sensitivity, allowing amongst other benefits to take advantage of the good 13 C signal dispersion. The use of a 13 C observed 3D HCC-TOCSY was suggested by Hu et al. 70 for protonated and partially deuterated proteins. This leads to higher sensitivity and reduced peak overlap in a previously introduced 2D 13 C/ 13 C TOCSY type experiment. A MQ H/C transfer scheme combined with 13 C CT shift encoding was used to reduce relaxation effects when compared to a SQ implementation. A net sensitivity improvement came from the faster repetition rate and the larger 1 H polarization, making this experiment competitive with the 13 C/ 13 C experiment even at increased levels of B85% deuteration.
Directly 13 C detected experiments offer particular advantages in the study of proteins with a paramagnetic relaxation center. Bertini et al. 71 compared the sensitivity of 2D experiments containing different CO/C aliphatic transfer schemes to characterize resonances that are in immediate proximity to the metal center (o9 Å ) and found that due to the very fast transverse relaxation a C aliphatic to CO transfer was superior to the MQ or SQ out-and-back COC ali CO style experiments. A suite of new 2D and 3D protonless 13 C direct detected experiments was proposed by Bermel et al. 72 to allow the extension of a carbon nucleus based assignment strategy for a complete backbone and aliphatic residue assignment of paramagnetic and/or large proteins. The success of the carbonyl observed experiments relies on the suppression of the large 1 J(Ca,CO) splitting in the acquisition dimension using IPAP or S3E techniques, on the use of a third dimension in the CCCO experiment and on the introduction of 15 N evolution in a indirect dimension in CBCACON, CCCON and CANCO experiments to provide the required resolution. Experiment times for a 1.5 mM sample varied between 4-6 days. Bermel et al. 73 suggested further a novel 3D COCON-IPAP experiment for the sequence-specific backbone assignment in unfolded proteins. The sequential connectivity was obtained through TOCSY transfer via the small 3 J(CO,CO) coupling.
Small molecules
Double-quantum spectroscopy e.g. 2D INADEQUATE can have advantages over the corresponding single-quantum correlation e.g. excellent suppression of unwanted signals or the better separation of signal over less multiplet components. Nevertheless the analysis of such spectra is more difficult than for the SQ experiment. Zhang et al. 74 used covariance spectroscopy to convert a 2D 13 C-13 C doublequantum spectrum into a symmetrical 2D single-quantum spectrum. The use of the covariance scheme does not require any modifications to the pulse sequence.
The appearance of strong coupling artifacts is a major problem for many homonuclear experiments. A method was presented by Thrippleton et al. 75 to suppress signals that follow such transfer pathways. It can be applied to experiments which contain a J-resolved or constant-time domain.
8. Inverse proton detected correlation spectroscopy 8.1 Double-resonance experiments Spin-state selection. Spin-state-selective (S3) experiments can result in higher sensitivity and/or sharper lines and their use is well established in high molecular weight studies and for the measurement of coupling constants. Such experiments normally only work for IS spin-systems while Nolis et al. 76 presented a way to achieve spin-state selection in the acquisition dimension of HSQC spectra that is independent of the multiplicity of the S nucleus. Multiplet editing is achieved through the combination of sub-spectra from experiments that employ a sensitivity-enhanced COS scheme with varying pulse phases. The experiment should be useful for the measurement of sign and magnitude of coupling constants in all I n S spin systems.
Methyl deuteration. Selective methyl labelling strategies are a powerful approach to enable studies of dynamics and high molecular weight structural work. The performance of the methyl isotopomers CH 3 , CH 2 D and CHD 2 in 2D 13 C correlation experiments were compared by Ollerenshaw et al. 77 Taking into account the subtle relaxation differences they presented for each isotopomer relaxation optimized sequences, namely improved heteronuclear zero-quantum 13 CH 3 HZQC, 13 CH 2 D TROSY and 13 CHD 2 HZQC experiments. According to their findings all three methyl labelling patterns led to similar resolution whereas sensitivity benefits at least larger than 2.4-fold were observed when using the 13 CH 3 labelling approach. Their study emphasizes the use of 13 CH 3 selective protonation as the method of choice for structural studies while the two other isotopomers are attractive for 2 H dynamics investigations.
Polarization recovery. TROSY type experiments only convert half the amount of the starting polarization into observable signal while the magnetization corresponding to the unwanted spin-state normally is discarded. In terms of sensitivity this is unsatisfying and Diercks and Orekhov 78 introduced a scheme to partially alleviate this situation. Two sequential acquisitions are recorded per scan, with the second part of the experiment being executed during the relaxation delay of the first half (qTROSY, for queued TROSY). The first part of the sequence records the TROSY spectrum. The second half of the experiment operates with the anti-TROSY polarization left from the first half of the experiment and converts it into the corresponding TROSY correlation which is then observed during the second acquisition period. Therefore this allows for a partial polarization recovery of the otherwise unused anti-TROSY magnetization component. Superposition of the two sequential acquisitions increases the sensitivity. Crucial for the successful implementation of this experiment is the use of a orthogonal spin-state separation before t 1 which prepares the transverse TROSY component while storing the anti-TROSY contribution along the z-axis.
Fast pulsing methods. The majority of heteronuclear experiments that start with the excitation of protons suffer from the slow non-selective recovery of all 1 H nuclei, requiring a long interscan-delay and therefore slow repetition rates. It has been shown previously e.g. in L-TROSY that the recovery of polarization from wanted pathways can be accelerated by returning unused magnetization to the z-axis, leading to improved sensitivity per unit time. A modified sensitivity enhanced 15 N HSQC was suggested by Deschamps and Campbell 79 which achieves the return of non-used magnetization to the z-axis through a combination of a selective pulse and pulse phase adjustments. Improvements around 20% were observed at typical repetition delays of one second and the faster recovery allowed to increase the pulse repetition rate. Schanda and Brutscher 80 described a 15 N HMQC based approach that uses selective amide proton excitation and refocusing pulses and combines the advantages of fast selective T 1 polarization recovery together with optimal Ernstangle excitation (SOFAST-HMQC) to reduce the total experiment time of 2D correlation experiments to just a few seconds. Applications to fast H/D exchange measurements in proteins were shown in an example where the reaction was completed within a few minutes. Under very fast repetition rate conditions (B100 ms recycle time) the sensitivity of the SOFAST approach is increased by a factor of 3-6 times over standard techniques allowing rapid completion of 2D experiments within seconds. Importantly it was also shown that with the typically used relaxation delays (e.g. 1 second) the absolute sensitivity of SOFAST experiments is also higher than with conventional experiments. The authors adapted the methodology further to be better suited for the current generation of cryo probes, to measure 1 J coupling constants and to observe 2D methyl 13 C correlations. 
Heteronuclear triple resonance experiments
Rapid magnetization recovery. Extending the idea of a reduced proton spin lattice temperature into triple-resonance experiments, Diercks et al. 83 presented several versions of HN detected HSQC-based out-and-back type experiments. These included extended flip-back schemes to return magnetization of 13 C attached protons to the z-axis with the aim to accelerate the recovery of HN polarization such as to enable faster pulsing. Several implementations using band-selective flipback pulses or J-coupling evolution were tested experimentally and compared with theoretical simulations. Relative signal improvements of up to 40% per unit time at faster repetition rates were obtained with 1 H polarisation recoveries reaching a maximum of 60%. Most square 1801 proton pulses were substituted by pairwise broadband inversion BIP pulses and a XY16 CPMG-scheme was used for 1 H decoupling. CPMG interpulse delays were adjusted to reduce the duty cycle while keeping relaxation losses low.
Isotope labelling. A method relying on the incorporation of chemically synthesized stereo-and regio-specifically labelled amino acids through cell-free expression was proposed by Kainosho et al. 84 The approach, called stereo-array isotope labelling (SAIL) aims at the reduction of the number of observed NMR signals and the reduction of transverse relaxation and spin-diffusion pathways in order to increase the sensitivity of experiments and to improve the quality of NOE information for high throughput protein structure determination without a loss of structural quality. To this purpose universally 13 C, 15 N labelled amino acids were prepared where the number of protons per aliphatic carbon atom was reduced to one, deuterating the remaining proton positions. Aromatic positions were labelled with alternating 13 C-1 H and 12 C-2 H pairs. Spectral improvements were demonstrated through a comparison with universally labelled proteins. With only one third of the number of protons the sensitivity of methyl groups with all protons was maintained while for methylene positions the sensitivity was increased by a factor of 3-7 fold. While the number of NOEs was reduced by 40-50% the quality of the remaining restraints was dramatically improved as was shown by solving the structures of calmodulin and maltose binding protein (MPB). In the case of the latter a correct orientation of N-and C-terminal domains based solely on NOE data was possible.
1 H directed backbone assignment. Ambiguities in backbone assignment often arise due to the degeneracy of 13 C resonances. To circumvent this problem two modified higher sensitivity, high-resolution versions of the existing 3D HNcocaNH experiment were suggested by Sun et al. 14 to facilitate purely 1 H, 15 N based sequential connectivity in protonated proteins. The feasibility of this approach relies on high digital resolution in all sampled dimensions. To this purpose 1 H and 15 N dimensions were incremented in semi-CT fashion and non-uniform sampling (NUS) was used to increase the sensitivity by sampling more densely at short evolution times. Sensitivity of the experiment was increased through simultaneous evolution of both J(N,Ca) couplings while on 13 Ca rather than on 13 CO, leading to a more efficient coherence transfer. For the same resolution the NUS sampling scheme brings approximately a 10-fold saving in time as shown with the small protein GB1. According to a chemical shift survey of BMRB deposited data, spectral crowding effects should only fail to assign B10% of the residues in a larger 150-200 AA protein. Consequences of lower experimental sensitivity were not considered which would further decrease the rate of success. Although the sequence can be adapted for 2 H labelled proteins using this approach should be particularly attractive for proteins up to 100 amino acids in size.
A better suited experiment for larger proteins to obtain sequential assignment without 13 C shift matching is the 3D TROSY hNcaNH that was described by Frueh et al. 15 Here resolution and sensitivity improvements were achieved through the use of TROSY for both semi-CT evolution periods in combination with non-uniform sampling. In contrast to the previously mentioned experiment there is no carbonyl transfer step involved making the experiment more suited for high magnetic fields. Experimental implementations with bidirectional and simplified unidirectional transfer were presented and used on a 2 H, 13 C, 15 N labeled 37 kDa protein. An alternative backbone assignment strategy for small proteins was described by Frueh et al. 16 which relies on a time-shared 3D experiment where the pathways following (HA)CANH and (H)NCAHA transfers to HN and Ha are simultaneously observed. The spectrum was recorded with gradient coherence order selection to provide sufficient levels of water suppression to allow analysis of the Ha part of the acquired dimension. Every indirect dimension records either 15 N or 13 C and after a initial 901 rotation of the Ha-detected part during processing every spectrum plane contains at a particular 15 N or 13 Ca peak position two Ha and HN peaks, of which one intra-and one interresidue. Assignments can be established by using both the Ha or HN route. Making sequential connectivities follows a simplified 'stairway' pattern.
1 H directed side chain assignment. Jiang et al. 85 described a novel intra-HC(C)NH experiment that correlates aliphatic H/C positions with the amide backbone pair while suppressing the sequential pathway. The sensitivity of the experiment is determined by 13 CO and 13 Ca relaxation during the extensive transverse periods required for the filter element. While this experiment is well suited for smaller proteins fractional deuteration combined with The large quantity of NOEs in bigger proteins makes their assignment a difficult task. On the other hand if selective labelling strategies are employed to keep the number of NOEs down then this sparse set of information needs to be assigned as completely as possible. The total assignment of all NOEs in ILV 13 C-methylprotonated, 15 N labelled samples based on two time-shared 3D and 4D NOE experiments was described by Frueh et al. 17 A 3D NOESY 15 N-TROSY/ 13 C-SE-HSQC was used featuring simultaneous evolution of methyl- Aromatic side chain assignment. Lo¨hr et al. 86 described a novel two-step approach for the sequence-specific J-coupling based total assignment of aromatic residues of histidine and tryptophan residues in small to medium sized proteins. A initial assignment of d-protons and d-carbons to the backbone amide of the consecutive residue using 3D H(CDCGCBCACO)NH or (H)CD(CGCBCACO)NH is followed by the establishment of the connectivities between 1 Hd/ 13 Cd and the remaining editing step to increase spectral resolution allowing identification of the base-type without the requirement of selective isotope labeling. Instead of the usually used 13 C CT periods to remove the effects of carbon-carbon couplings Dayie 88 applied adiabatic band-selective decoupling to increase resolution and sensitivity in several 3D RNA experiments. According modifications were described to decouple C5 and C6 pyrimidine positions in a (H)C-TOCSY-(C)NH and the C1 0 from the C2 0 atom in C1 0 -selected NOESY, (H)CCH-TOCSY and H1C1C2 ribose experiments. The modified sequences were used to resolve ambiguities in the assignment of a 36 nucleotide hairpin RNA.
